Auto-catalytic formation of high entropy alloy nanoparticles
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Abstract

High entropy alloy (HEA) nanoparticles hold great promise as tunable catalysts and surprisingly Pt-Ir-Pd-
Rh-Ru nanoparticles can be synthesized under benign low-temperature solvothermal conditions.
Considering that alloy formation typically is difficult in oxygen rich environments, it is peculiar that five
different metals can be simultaneously reduced and alloyed in a highly complex solvent reaction. Here in
situ X-ray scattering and transmission electron microscopy reveal the solvothermal formation mechanism
of Pt-Ir-Pd-Rh-Ru nanoparticles. For the individual metal acetylacetonate precursors, formation of single
metal nanoparticles takes place at temperatures spanning from ~150°C for Pd to ~350°C for Ir. However,
for the mixture, homogenous Pt-Ir-Pd-Rh-Ru HEA nanoparticles can be obtained around 200°C due to
autocatalyzed metal reduction at the (111) facets of the forming crystallites. The autocatalytic formation
mechanism suggests that many types of HEA nanocatalysts are accessible with scalable solvothermal

reactions thereby providing the essential broad availability and tunability needed to fulfil the promises.



High Entropy Alloys (HEAs) have unique properties with rich possibilities for atomic scale tuning.™ For
bulk HEAs exceptional mechanical properties (yield strength, ductility, and hardness) have been predicted

2l but also hydrogen storage capacity,® thermoelectric properties,®

and demonstrated,™
superconductivity,! and the concept of pseudo-elements!® have been explored. Nanostructured HEAs
are of immense interest in heterogeneous catalysis,”’ and remarkable results for challenging reactions
such as reduction of oxygen!® or CO,,” oxidation of methanol,*” formic acid,™** or CO,®2 and ammonia
decomposition*? have been reported. Not only the multitude of different surface sites contribute to the
outstanding properties but also strained local metal environments,!*3! metal ligand effects,** and
enhanced chemical stability compared to individual metals.[*># With their multi-component nature, HEAs
constitute a playground for the materials scientist, where variation in components, stoichiometry, and
crystal structure allows for realization of unique properties and tuning toward specific applications.
While melt-based methods (arc-melting, casting, zone melting, laser cladding) have proven useful
in producing bulk HEAs, 12 2245151 the high temperatures applied are not suitable for obtaining nano-sized
products, and additional synthesis steps such as ball-milling!*®! or partial dealloying!® are necessary. Singh
et al. produced HEA nanoparticles at relatively low temperature (x298°C) using reflux synthesis, but this
requires use of complex (and harsh) chemicals such as benzyl ether, oleylamine and lithium
triethylborohydride, and the process has limited control of product composition.[*”! A different approach
is to expose a precursor-impregnated carrier material to extremely high heating and cooling rates, and
this has proven successful in obtaining small, homogeneous, and thermodynamically unstable
nanoparticles.® 12 18 However, the method is limited in the choice of carrier material since this must be
electrically conducting, have a large surface area, and be able to withstand the shock heating. Magnetron
sputtering has been utilized for obtaining HEA thin films or nanoparticles, either using multiple targets in
a co-sputtering process or a single target composed of pressed metal powders.®> **! Recently, a general

environmentally benign, simple and scalable solvothermal autoclave process was developed for HEA



nanoparticles using reaction temperatures as low as 200 °C.?% Formation of HEAs from metal salt
precursors necessarily involves reduction of the metals, and it is intriguing that acetylacetonate precursors
of five widely different metals such as Pt, Ir, Pd, Rh and Ru can be simultaneously reduced and merged
into a homogenous nanoparticle.

Here we investigate the formation mechanism of PtlrPdRhRu nanoparticles in solvothermal
synthesis using in situ X-ray diffraction and Scanning Transmission Electron Microscopy coupled with
Energy Dispersive Spectroscopy (STEM-EDS). The present in situ X-ray scattering studies use a miniature
solvothermal reactor in the form of a fused silica capillary.?!! A synthesis of PtiIrPdRhRu HEAs was
conducted at 200°C for 77 minutes of synthesis time, Figure 1. A homogeneous distribution of all five
elements is evident in the large particle in the STEM-EDS images. In the regions with smaller particles, the
stoichiometries vary e.g. with a Pd-rich tail in the lower left (see the supporting information for additional
images). Thus, capillary HEA solvothermal synthesis is possible, but the product is slightly inhomogeneous
with a minor fraction of particles deviating from the main HEA phase. The large particles consist of
agglomerated crystallites, and the particles increase in size and density with increasing reaction time (see
S3 and S8). It is likely that small primary particles are formed, and extended reaction times are required

for these to agglomerate and merge, as recently observed in the formation of epitaxial Pd-Pt core-shell

particles from metal acetylacetonates.??




Figure 1. STEM-EDS analysis of a sample synthesized in the in situ reactor at 200°C for 77 minutes.

The in situ X-ray scattering data show that the alloy adopts a face centered cubic (fcc) structure with a
unit cell length of 3.84 A, see Figure 2. Sequential Rietveld refinements (see details in the SI) show that
the formation of crystalline material is slow and the 77 min. of synthesis time used here is not sufficient
for the refined scale factor to stabilize and thereby indicate a complete reaction. Initially, a sudden
increase in scale factor and a simultaneous decrease in unit cell parameter from approx. 3.96 A to 3.84 A
is observed. After ~10 min., the unit cell parameter stabilizes while the scale factor increases steadily. The
constant unit cell parameter between 10 and 77 min. suggests that the composition of the growing
crystalline nanoparticles does not change, and the five constituent metal precursors therefore at this point
precipitate at constant rates. The initial decrease of the unit cell parameter indicates that the metals with

larger unit cells (Pd, Pt) are overrepresented in the early stages of the synthesis.



e
g

Data
60 Model
— ’__@ —— Difference
< c I Peak position
£.40 >
£
e 8
=20 =
S 5
8 0 =
O
o
I | I 1 T g T T T
6 8 10 12 5 10 15
20 [°] 26(°)
c) d)
x > PIES
3.954% —_ W'. ™
c ' il
< | > ™
5. o AR
2 3.90, s S
S > t bl it ¢ Size I [111]
= \ 9 ¢ Size 1 [111]
o 11 1s « Unit cell length §
= w 1 « Scale factor o
S 385§ T MW
Jf M (})) W" i
3.80 T T g T T T T g T v T g T
20 40 60 20 40 60
Time (min.) Time (min.)

Figure 2. Results from sequential refinements of in situ X-ray scattering data. a) Time resolved X-ray
diffraction data, b) lobs - lcaic diagram after Rietveld refinement of the final diffractogram, (c) development

of the unit cell parameter and scale factor, (d) average crystallite sizes.

Only peaks originating from the fcc phase are observed throughout the experiment. Analysis of the
peak broadening (corrected for instrumental effects) provides an estimate of the volume averaged size of
the coherently scattering domains (crystallites). Other broadening effects that are not accounted for in
this analysis due to data quality, e.g. strain, will lead to underestimated absolute values of the crystallite
sizes, but importantly the in situ data provide very reliable estimates of the relative changes.’?®! The

apparent average crystallite size with respect to synthesis time exhibits preferential growth along the



[111]-direction, Figure 2d. Initially the growth rate along the [111] direction is high but it stabilizes to a
linear increase in size after approx. 20 min. The size and growth rate along the perpendicular direction are
much smaller, and thus the particles become increasingly elongated. Bright field TEM analysis of the
product shows small crystallites of around 3-15 nm in size on the edges of the large agglomerate particles
(Figure S8).

In order to understand the individual metal ion reductions in situ X-ray total scattering data were
collected in separate experiments with precursors containing only one metal species. In these
experiments the reaction temperature was increased in steps of 50°C from room temperature to 450°C
to find the approximate metal reduction temperatures where metallic nanoparticles form. As seen in
Figure 3 there are significant differences in the temperatures for metal nanoparticle formation with a span
from 150°C for Pd to 350°C for Ir. From these data it is indeed intriguing that HEA nanoparticles are

observed both ex situ and in situ for the reaction at 200°C with a mix of five metal acetylacetonate

precursors.
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Figure 3. Time-resolved X-ray scattering data from experiments with single metal acetylacetonate
precursors. The heating profile for the experiments is plotted in the top left, and the heating steps are
marked with red dashed lines for each dataset. The lowest reaction temperatures at which Bragg peaks
are observed are indicated on the plots. Note that Bragg peaks from undissolved metal acetylacetonate
reactant are observed at room temperature, but these peaks disappear between 100°Cto 150°Cindicating

complete dissolution and thus homogenous precursor solutions.

The X-ray total scattering data from the dissolved precursors were background corrected, scaled
and Fourier transformed to obtain Pair Distribution Functions (PDFs) as shown Figure 4. Similar structural
features are observed for all metal precursor solutions with distinct peaks below 3 A (note enlargement
in the figure) and weak correlations at longer interatomic distances. The peaks below 3 A correspond to
interatomic distances within a metal acetylacetonate complex,?* and the lack of long-range features

indicates that only monomers are present.
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Figure 4. PDFs from dissolved metal acetylacetonates. An illustration of the Pt(acac), monomeris inserted
in the upper right with some interatomic distances indicated. The corresponding distances are marked

with vertical dashed lines in the plot of the PDFs. Note the change of scale on the x-axis.



While the HEA nanoparticles that forms at 200°C contain all five elements, only three of them (Pd,
Pt, Ru) precipitate at this temperature from their individual precursor solutions (Figure 3). This suggests
that the initially formed metal nanoparticles catalyze the reduction of the other metal ions, and that this
“auto-catalytic” activity is maintained for the continuously growing HEA nanoparticle. As shown in Figure
2 the nanoparticles have a strongly preferred growth along the [111] direction meaning that the (111)
crystal facets are the catalytically active in the process. At 200°C it appears that the autocatalyzed
reduction temperatures of the different metals are almost balanced such that any metal atom near the
surface will be involved in growth of the particle. It would be of considerable interest to probe the crystal
growth mechanism at atomic scale using theoretical modelling. Considering that low-temperature
solvothermal synthesis has only been demonstrated using acetylacetonate precursors and that monomer
complexes are present prior to reduction, it is plausible that interactions between the bidentate
acetylacetonate ligand and the active surface play a key role in the process.

Since Pd has the lowest precipitation temperature it is likely to form the initial nuclei. To support
this hypothesis, an in situ experiment was performed at 150°C. An alloy with all five constituents was
obtained at an extended reaction time of 72 min. as seen in Figure 5, although with an increased fraction
of Pd and lower contents of Ru and Ir. This means that the reduction of the other metal ions must be auto-
catalyzed by the initial Pd nuclei, but with uneven reduction rates for the different metal ions at the low
synthesis temperature of 150°C. Experiments with reaction temperatures at 300°C and 437°C yield
products containing all five metals, but still with inhomogeneous distributions in the particles as seen in
Figure 5. Pd is concentrated in the core of the particles, while the shell primarily consists of Ir reflecting
the higher and lower reduction temperatures for Pd?* and Ir**, respectively. Phase splitting is observed in
the PXRD data, and the peaks of the main fcc phase display shoulders caused by crystalline domains with

different lattice parameters (Figure 5d). Additional peaks appear at the highest temperature. This matches



the findings of Mi et al., where Ru crystallizes in a fcc structure at low reaction temperatures (<250°C),

butin an hcp structure at higher reaction temperatures under similar synthesis conditions as used here.?!
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Figure 5. a)-c) STEM-EDS elemental maps of samples synthesized at different reaction temperatures. d)

Corresponding diffractograms from the in situ X-ray data.

The combined data show that the formation of HEA nanoparticles is influenced by both time and
temperature. The temperature window for synthesis of homogeneous PtlIrPdRhRu HEA nanoparticles is
relatively narrow around 200°C. At higher temperatures (= 300°C) phase splitting is observed, while
sample inhomogeneity and element deficiency is seen at lower temperature. Because of the low
temperature of 200°C, relatively long reaction times of hours are necessary for full conversion of the
reactants. Overall, the formation mechanism for the PtlIrPdRhRu nanoparticles can be summarized as in

Figure 6.
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Figure 6. Schematic representation of the formation mechanism for PtirPdRhRu HEA nanoparticles under

solvothermal conditions.

In summary, we have used in situ X-ray scattering experiments to follow the nucleation and growth of
PtirPdRhRu high entropy alloy nanoparticles. Homogenous materials are obtained in a relatively narrow
temperature window around 200°C, which is much lower than the reduction temperature of some of the
metals in single precursor solvothermal reactions. The HEA nanoparticles form from an initial Pd core that
autocatalyzes the reduction of the other metals primarily on the (111) facets of the growing nanocrystals.
The auto-catalytic activity is maintained throughout the reaction resulting in crystallites with elongated
morphology. The autocatalysis means that the alloying is a kinetically driven process where metal
incorporation is governed by the reduction rates and not the thermodynamic energy gain of mixing. This
means that the method presumably is not limited to the formation of thermodynamically stable alloys,

and therefore may allow production of novel materials with unique properties.

Experimental Section

Details on the used chemicals, in situ X-ray scattering data collection, reactor heating profiles, Rietveld

refinement, PDF modelling, and additional TEM data are provided in the Supporting Information.
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